accommodate the voltage drop of the equivalent resistance [17] . In contrast, a series capacitor can automatically change the compensating voltage according to the current flowing through it. When amounts of DG are injected by the feeder or customer side, the power flow in the distribution network will be bidirectional. In this case, the voltage will degrade under the control of the series capacitor. An interline dynamic voltage restorer method is presented, and the compensation range is analysed for different voltage sag types [18] . The unified power flow controller (UPFC) as a flexible alternative current transmission system (FACTS) apparatus has a powerful capability to adjust the power flow [19] . This method has been used successfully in transmission systems to enhance transmission capability; it can control the compensation voltage amplitude and phase continuously and rapidly. A UPFC-based optimal power flow control model for a closed-loop distribution network has been presented that incorporates the power loss and node voltage [20] [21] [22] . In those reports, the UPFC-based optimal control model including load node voltage and power loss was constructed, but the solution algorithm for the optimal control model was not addressed.
The power flow control model is a multi-objective nonlinear optimization problem, which is challenging to solve by conventional algebraic analysis. Artificial intelligence (AI) is well suited to solve such nonlinear optimization problems [23] . In 1995, Rainer Storn and Kenneth Price presented a differential evolution (DE) algorithm [24] . Distinct from other evolutionary algorithms, mutation in DE is completed by the difference of multiple sectors selected at random. This approach can solve complicated nonlinear problems with high efficiency and satisfactory robustness [25] [26] . It is challenging for standard DE algorithms to produce appropriate initial populations because the mutation is highly random and because the calculation process is greatly influenced by the algorithm parameters. To obtain an optional initial population for the genetic algorithm, one initial individual is produced randomly that can meet the constraint condition. Then, the remaining individuals are gradually regulated similar to the first individual until the entire population meets the constraint condition [27] . The initial population production process can be effectively optimized by this method, but the distribution breadth is insufficient in the feasible solution region. The method for adaptive mutation operator is presented elsewhere [28] [29] . In this method, the zooming coefficient is much larger in the initial period to increase the breadth of the population distribution. The zooming coefficient becomes smaller over subsequent periods to speed up the convergence rate. Simulated annealing strategy is also used to improve the DE algorithm [30] . The variation is adjusted by changing annealing factors to escape the local minimum solution in the beginning stage. The best parent individual will lead the variation to enhance the local searching ability in the late stage. This method can effectively improve the convergence rate. An adaptive DE algorithm has been proposed [31] . Its mutation and crossover operators continue to change during the evolution process, and unsuitable parameters can be avoided to a certain extent. A DE algorithm incorporating the improved method has been used to solve the optimal dispatch problem for hydroelectric power [32] . It can effectively enhance calculation efficiency, but the convergence rate of this algorithm is random because the parameter selection is not deterministically controlled.
This article presents an optimal series compensation voltage control method for an active distribution network and an improved DE algorithm to solve this optimal model. Simulation results based on the IEEE 33 bus distribution network confirm that the optimal voltage control method can improve the voltage quality and lower the active power loss. The improved DE algorithm can solve the optimization problem universally with high efficiency. Z is the equivalent impedance of feeder section i, and U is the voltage of load i after compensation and 1i
Relationship between compensation voltage and load node voltage
I is the current of feeder section i.
FIGURE 2 Equivalent network after series compensation
Based on the superposition theorem, the network in 
The voltage difference of the nodes between i Z and n Z in Fig. 3 can be expressed as
The node voltage after compensation in Fig. 2 is
The conclusion in 2.1 shows that the power loss is related only to the compensation voltage amplitude, but the node voltage is related to both the amplitude and phase of the compensation voltage. Therefore, the node voltage and power loss can be controlled separately.
Optimal power flow control model for an active distribution network
Considering the power loss and node voltage deviation, an optimal control model is constructed. The associated multiple-objective optimization problem can be simplified into a single-objective optimal model by designing the membership function.
Membership function of power loss
Suppose that the original power loss before control is 
where N U is the rate voltage, i U is the actual voltage of load node i, which is 1 j U as shown in equation (5), and n is the total quantity of load node 1 in  .
Optimal control model for power loss and voltage
The single objective optimal control model is constructed as shown in equation (8) . It is based on the membership functions defined in (6) and (7). 
Improved DE algorithm
To solve the nonlinear optimal control model as shown in (8) , an improved DE algorithm is studied.
Optimal production of initial population
Suppose that the population size is NP and i X is the individual vector i. Then, i ,
( , , , ),
, where n is the resolution space dimension. In the standard DE algorithm, the individual vector is selected at random but must meet the given bounded constraint. The vector can be expressed as An optimal method for producing the initial generation was previously reported [27] . First, based on (9), one initial generation continues producing randomly until it meets the demand of the given bounded constraint. Then, it is adopted as the first feasible individual and is expressed as 0 0 0 0 1 11 12 1n ( , , , )
. Second, other individuals are produced randomly based on (9). If they cannot meet the demand of the given bounded constraint, they will be regulated to approach 0 1 X according to (10):
where  is the contraction coefficient and
If a new individual cannot meet the demand of the given bounded constraint after regulation,  will be divided by two automatically until the feasible individual is obtained. In the end, the entire initial population can be obtained successfully. In this paper, the optimal production of the initial population based on (10) is adopted.
Improved strategy for the mutation operator
The adaptive mutation operator is introduced [28] , which can broaden the initial population distribution in the feasible region. The adaptive zoom factor F is expressed as
where 0 F is the initial zoom factor, max G is the maximum evolution generation number, G is the present evolution generation number, and
. During the initial period, the zoom factor F is relatively large to retain population diversity. Subsequently, the zoom factor F automatically decreases to retain qualified information and provide fast convergence.
There are many variations of the DE algorithm. Among them, the method shown in (12) and (13) performs well and has been used successfully in practical applications [29 
where v is the new individual, which may be out of the given bounded constraint. x is the basic individual for the mutation operator and can be selected randomly, in which case it is expressed as t ri x . It can also be obtained by selecting the optimal individual among the present population, which is expressed as gbest t x . t is the generation number, and F is the zoom factor. As shown in (12), a new individual is produced by the last three different individuals, which is unrelated to the goal function. It is beneficial to maintain population diversity to enhance the universal searching capability, but this method will influence the DE algorithm 6 convergent rate. As shown in (13) , the new individual is produced with the guidance of the last optimal individual. It has strong searching capability with a fast convergence rate, but it may not escape from a local optimum, particularly at the initial stage.
A simulated annealing algorithm can change the focus of the mutation operator by the annealing factor  , which is expressed as [30] max max
where max G is the maximum evolution generation number and G is the present evolution generation number.
Based on (12)- (14), an improved mutation operator algorithm is presented that combines the simulated annealing strategy and adaptive mutation operator. The new mutation operator algorithm can be expressed as
where (15) is the same as (12), and when (15) is the same as (13) . During the searching process,  will increase automatically to reduce the weight of (12) and increase the weight of (13) . The mutation operator method in (15) can balance the universal searching capability and convergence rate. Based on the above analysis, the improved DE algorithm is presented based on (10) and (15) . It has strong universal searching capability over the initial period and satisfactory local searching capability over subsequent periods. The flow chart of the improved DE algorithm is shown in Fig. 4 . 
Simulation and analysis
The simulation model is constructed using PSCAD software. The structure is based on the IEEE 33 standard distribution system as shown in Fig. 5 . The load in some nodes is changed, and all the simulating parameters are shown in Tab. 1. U N =12.66kV. All the branches, including 18-21, 22-24 and 25-32, are simplified into a central load. Then, the main feeder 0-17 is analysed. All loads are described by a constant-current model. DG is connected by node 17 and is simulated as motor type DG, which can be regarded as a voltage source. The improved DE algorithm discussed above is used to solve the optimal control model, where the weight coefficient α = β = 0.5. The size of the population is 20, and the maximum iteration time is 80. The crossover factor is 0.5, and the initial mutation factor is 0.6. The improved DE algorithm is implemented by programming in Matlab. 
Convergence speed contrast:
Suppose that the population scale is 20, the maximum iteration time is 80, the crossover factor is 0.5, the initial mutation factor F0 is 0.6, the normal mutation factor F is 1, and α = β = 0.5. The simulated satisfaction value of different DE algorithms is shown in Fig. 7 clear advantage in the convergence rate based on universal optimization. Because the beginning mutation factor is improved and the variation probability is much larger, the improved algorithm is slower than the standard DE in the initial period, but the mutation factor is adjusted to decrease with the calculation process, and the global optimal solution can be obtained with fewer steps by the improved DE algorithm.
FIGURE 7 Satisfaction value curve with three DE algorithms
To confirm the reliability of the DE algorithm, 100 testing experiments were conducted to solve the same optimal object with the three different DE algorithms. The static probability of convergence steps with the different algorithms is shown in Fig.  8 . In most cases, the standard DE algorithm requires approximately 30 to 40 steps, and the improved DE and adaptive DE algorithm can complete optimization in 20 to 30 steps. The probability of the improved DE in this zone is greater than that of the adaptive DE algorithm. 
Conclusions
When DG is connected into a distribution network, the voltage tends to become degraded. To resolve the voltage issue in an active distribution network, the optimal voltage control method, which analyses the power loss in terms of series compensating theory, is studied. An optimal control model is developed that incorporates the power loss and node voltage. An improved DE algorithm is introduced to effectively solve the optimal voltage control model. Simulations based on the IEEE 33 distribution network confirm that the voltage control method can decrease the power loss and improve the load node voltage. The improved DE algorithm can solve the optimal model universally with higher efficiency and convergence speed than the standard DE and adaptive DE algorithms. The method presented is also suitable for optimal power flow control in normally looped distribution systems with dual sources.
With the development of modern power electronics technology and advanced control theory, active control measures based on FACTS are expected to be applied widely in future distribution networks. Increasingly more DG will be injected into distribution networks. The optimal voltage control method presented in this paper provides a theoretical foundation for the further development of active distribution networks.
